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ABSTRACT 
 
 
Cell death is a key component in development and for the continued renewal of 
tissues. Phagoptosis is a process in which phagocytes directly lead to the death of other 
cells. This process of cell death is significantly less characterized when compared to other 
mechanisms of cell death, such as apoptosis. In the Drosophila ovary, phagoptosis 
appears to play a key role in the developmental process of oogenesis. Recent studies have 
shown that genes associated with phagocytosis are required for the programmed death of 
nurse cells in the Drosophila ovary. Ovaries are made up of 15 nurse cells, a single 
oocyte, and a layer of follicle cells bordering them. During the process of egg chamber 
development, all of the nurse cells undergo programmed cell death. During late 
oogenesis, each nurse cell is surrounded by a group of follicle cells referred to as stretch 
follicle cells. These stretch follicle cells have recently been implicated as a main 
promoter of nurse cell phagoptosis. However, an exact mechanism to explain how these 
stretch follicle cells induce nurse cell death is not fully characterized.  To achieve a more 
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detailed understanding of this mechanism, we are examining the function of the 
cytoskeleton in this process via live imaging. We hypothesize that the follicle cell 
cytoskeleton plays a significant role in nurse death due to the importance of actin during 
phagocytosis. Further, we intend to use these live imaging studies to investigate the role 
of calcium before, during, and after clearance of the nurse cells. Previous studies have 
shown that calcium bursts within the cell are associated with the initiation of 
phagocytosis in macrophages, as well as other phagocytic cell types. Studies in this thesis 
were done by utilizing live imaging  and have shown dynamic changes in follicle cell 
actin before and during the death of nurse cells. These confocal microscopy real time 
videos have revealed that follicle cell actin polymerizes towards the nurse cell 
immediately before acidification. Following acidification of the nurse cells, the follicle 
cell actin changes direction, moving towards the phagocytic follicle cell. Additionally, 
through live imaging we have observed calcium bursts in the follicle cells immediately 
before nurse cell death. Overall, this work has provided a more detailed understanding of 
nurse cell death. 
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CHAPTER ONE: 
Introduction  
 
 
1.1 Role of cell death in development 
 Cell death is an important process for the body because it promotes the removal of 
undesirable cells. Programmed cell death (PCD) is the process of cell death to maintain 
normal development. PCD can be seen in a variety of mammalian developmental stages. 
For example, the sculpting of digit in vertebrates is a byproduct of PCD (Jacobson et al., 
1997) (Figure 1.1) . Further, if cell death is inhibited during this developmental process, 
then digit formation will no longer occur. An additional example of PCD is the deletion 
of structures due to their lack of function in the fully developed organism. This can be 
seen in the deletion of the Müllerian duct in mammalian males (Jacobson et al., 1997). 
The Müllerian duct in females forms the uterus and oviduct which is not needed for male 
sexual development, so in turn it is lost. 
 Regulation of cell death is vital for the health and the homeostasis of an organism. 
If  regulation of cell death is too little or too much, it can result in drastic effects on 
homeostasis. Additionally, too much cell death can lead to many diseases such as 
Alzheimer's (Yang et al., 2003).  Further, if there is a lack of cell death it can also lead to 
devastating disease such as cancer (Labi and Erlacher, 2015) . Cancer cells have evolved 
to withstand normal cell death/apoptosis mechanisms. However, the inhibition of 
apoptosis alone does not cause cancer but can in combination with a growth stimulatory 
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oncogene (Gerl and Vaux, 2005). Much of cell death is considered to occur by apoptosis, 
but there are also many non-apoptotic forms of cell death. 
 
Figure 1.1- Examples of Programmed Cell Death  
Diagram of cell death in developmental processes. Programmed cell death is necessary in 
maintaining homeostasis of an organism. This diagram illustrates that due to apoptosis 
unneeded tissues will be removed and organs can be sculpted such a fingers (Gewies, 
2003). 
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1.2  Types of cell death: Apoptosis   
 Apoptosis has been the most studied form of cell death. The genetic control of 
apoptosis was first  demonstrated in Caenorhabditis elegans (Sulston et al., 1983). The 
initiation of apoptosis in C.elegans is caused when Egl-1 binds to Ced-9. Ced-9, known 
as cell death abnormal gene 9, is a gene that inhibits programmed cell death.  The binding 
of Egl-1 to Ced-9 results in an  inhibition of  Ced-9. Additionally, this binding causes a 
conformational change which allows the release of Ced-4. Ced-4 will activate Ced-3 
which is a caspase whose downstream effect is apoptosis (Del Peso et al., 1998). 
 A similar genetic mechanism can be seen in Drosophila; in this case RHG binds 
to Diap1. RHG stands for Reaper-Hid-Grim which is a death stimulator that binds to 
Diap1, known as Drosophila inhibitor of apoptosis 1. This binding then causes the  
releases Dronc. Dronc is the Drosophila initiator caspase which will then interact with 
Dark (Ced-4) to form an apoptosome (Goyal et al., 2000). This then activates Drice  and 
Dcp-1 which are two additional caspases which result in apoptosis (Kornbluth and White, 
2005).  
Apoptotic cell death is characterized  as an autonomous cell death mechanism. 
This classification comes from the fact that a dying cell will eventually end up dictating 
its own demise, meaning it is responsible for its own cell death (Eroglu and Derry, 2016). 
Another additional way apoptotic cells are characterized  is through morphological 
changes that the cell undergoes. Cells that are undergoing apoptosis experience 
shrinkage, condensation of nuclear chromatin, blebbing, nuclear fragmentation, 
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chromosomal DNA fragmentation and formation of apoptotic bodies (Agnoletto, 2008) 
(Figure 1.2). 
 
Figure 1.2- Morphologies of apoptosis 
Model of the morphological changes seen in an apoptotic cell. The model depicts cell 
shrinkage, chromatin condensation, nuclear fragmentation, membrane blebbing and 
apoptotic bodies.  
 
1.3 Types of cell death: Phagocytosis and Phagoptosis  
 For a cell to maintain homeostasis, it must clear and replace dying cells properly.  
When a cell is dying, it releases a “find me” signal such as sphingosine-1-phosphate 
(Lauber et al., 2003).  After this cell sends the “find me” signal, it initiates recruitment of  
a nearby phagocyte  (Ravichandran, 2016). Once the phagocyte has been recruited, it 
recognizes a dying cell via an “eat me” signal. This signal can be the exposure of 
calreticulin or phosphatidylserine. This eat me signal initiates the engulfment and 
clearance process. 
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 There are two types of phagocytes: professional and non-professional. 
Professional phagocytes have the sole purpose of engulfing and clearing dying cells or 
pathogens. Macrophages, neutrophils and microglia are considered professional 
phagocytes. On the other hand, nonprofessional phagocytes, such as epithelial cells, have 
a main function that differs from engulfing and clearing dying cells but still contain the 
machinery and capacity for engulfment and clearance. Further, professional phagocytes 
are known to have a high capacity for engulfment while nonprofessional phagocytes have 
a lower capacity of engulfment. 
Non-autonomous cell death is when a cell causes the death of another cell that is 
nearby. Phagoptosis is an example of non-autonomous cell death in which phagocytosis 
machinery is required to cause the death of another cell. In phagoptosis, the cells that are 
being engulfed and killed are viable cells that are under stress. This form of cell death is 
not very well characterized, so the exact molecular machinery mediating phagoptosis is 
unknown.  
 
1.4  Drosophila oogenesis and cell death 
 The Drosophila ovary is made up of two bundles of approximately fifteen 
ovarioles. Each ovariole contains developing egg chambers which are made up of 15 
nurse cells, one oocyte and a surrounding layer of epithelial cells called follicle cells 
(Schüpbach, 1987). Oogenesis proceeds through fourteen distinct developmental stages 
that lead to the finally mature developed egg that can become fertilized and laid (Figure 
1.3).  
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 When egg chambers reach late stages of oogenesis, their nurse cells begin to 
undergo structural and specialized changes before they eventually undergo cell death and 
clearance. Nurse cell death is an important developmental requirement need to reach the 
mature stage 14. This is why the Drosophila ovary is an excellent model to use to 
investigate programmed cell death. The beginning of late oogenesis starts at stage 10B 
when the egg chamber starts to experience cytoplasmic cytoskeletal remodeling events 
(Tilney et al., 1997). Then during stage 11 the cytoplasmic content in each nurse cell goes 
through a process called “dumping”, which consists of all the cytoplasmic contents 
getting expelled into the oocyte through ring canals (Guild et al.,1997). 
 After dumping is complete, the egg chamber is in stage 12 which is when the 
nurse cell nuclei begins to condense. Following nuclear condensation, the nurse cells 
undergo acidification seen through LysoTracker staining (Bass et al., 2009)  until the 
entire nurse cell is acidified (stage 13). Finally at stage 14 all of the nurse cells have 
undergone cell death and clearance. 
 Early research suspected that nurse cells undergo apoptosis (McCall and 
Steller,1998), however fuller examination illustrated that apoptosis actually did not play 
an important role in this process (Laundrie, 2003 and Baum, 2007). The ovaries are a 
closed system where there is no access of professional phagocytes such as macrophages. 
So, this would suggest that these cells need to be cleared by an alternative phagocytic 
cell. Studies investing the different cell types identified the surrounding follicle cells as 
an atypical form of professional phagocytic cell (King, 1970). These follicle cells are 
broken up into 5 different types (border, stretch, main body, centripetal and posterior 
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terminal). Our laboratory has shown increasing interest with regards to nurse cell 
clearance by the stretch follicle cells. It has been seen that from stage 11-12 the stretch 
follicle cells fully surround the nurse cells and do contain lysosomal machinery 
(Timmons et al, 2016).  
These data suggest that with the combined effect of the stretch follicle cells being 
in close proximity to the nurse cells while also having lysosomal machinery, these cells 
could be the driving force of nurse cell death through phagoptosis. Another piece of data 
that strengthens this claim is that Draper, the homolog of Ced-1 in C. elegans, is a 
receptor that recognizes and engulfs dying cells (Fullard and Baker, 2015), and this 
phagocytic receptor is located on follicle cells. When Draper is knocked out in follicle 
cells it causes the nurse cells to not undergo their developmental programmed cell death, 
showing a persisting nuclei phenotype (Timmons et al. 2015).  
 
 
Figure 1.3-Drosophila Oogenesis  
This diagrams the 14 stages of egg chambers development in the Drosophila ovary. The 
stages start at the germarium and extend to the mature stage 14 egg chamber. During 
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development there are 15 polyploid nurse cells that are surrounded by a layer of follicle 
cells. As development progresses, the 15 nurse cells die and are cleared to result in the 
mature egg chamber that is ready for fertilization. Figure by Alla Yalonetskaya  
 
 
1.5  The role of the cytoskeleton in oogenesis and cell death 
 The cytoskeleton is defined as a network of protein filaments and tubules that 
give a cell its shape, maintain a cell’s organization and aid in remodeling events. These 
protein networks consist of actin, microtubules and intermediate filaments (Bursch et al. 
2000). Further, cytoskeleton proteins are considered to be some of the most conserved 
proteins. This is due to their vital structural and  molecular roles (Fletcher and Mullins, 
2010). As previously stated, during late oogenesis, Drosophila egg chambers undergo 
remodeling events to develop to the mature stage 14. Remodeling of  the cytoskeleton is 
essential during this process. 
 Many studies have focused on the role of nurse cell actin from stage 10-13. In 
stage 10 the nurse cells start to create cytoplasmic actin bundles that extend from the 
outer membrane of the cell to the center toward the nucleus (Huelsmann and Brown, 
2014). The main purpose of these actin bundles is thought to be to hold the nucleus in 
place during the stage 11 dumping process. As stated earlier, the process of dumping is 
when the cytoplasmic contents of the nurse cells are expelled into the oocyte through 
actin ring canals. When the dumping process is completed, the cytoplasmic actin bundles 
start to depolarize and release their grips on the nurse cell nuclei.  
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  There have been many studies investigating the role of nurse cell actin during late 
stage oogenesis. However, the role of follicle cell actin has been significantly less 
characterized. Understanding follicle cell actin rearrangement and remodeling can help us 
gain a better understanding of what role follicle cells play in the death of the nurse cells. 
Figure 1.4- Late Stage Nurse Cell Actin 
This model illustrates the structural positioning of actin cables, ring canals, perinuclear 
actin and filamin. It additionally  shows the direction and flow of nurse cell actin and the 
cytoplasm content dumping from stage 10A-12 (Huelsmann and Brown, 2014) 
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1.6  Other models that illustrate actin’s role in cell death  
 A range of different studies have shown that actin plays a role in programmed cell 
death or apoptosis. Multiple lines of evidence have illustrated actin as a key regulator of 
cell death in eukaryotic cells (Tong and Gourlay, 2008). For example, the use of actin 
manipulating drugs such as Jasp (jasplak-inolide) have shown that when actin is overly 
stabilized or understablized it has direct effects on the pathways that regulate apoptosis in 
mammals (Franklin-Tong and Gourlay, 2008). Further, it was seen that when jasp was 
used on Jurkat T-cells it caused a rapid increase in apoptosis as well as an increase in 
caspase-3-activation. 
Previous studies in mice have also demonstrated that all phagocytic processes are 
essentially controlled by a fine rearrangement of the actin cytoskeleton (May and 
Machesky, 2001). Phagocytosis was first seen to be actin dependent in 1977, when 
cytochalasin B (a toxin which function to block actin polymerization) was seen to inhibit 
the phagocytosis of erythrocytes by mouse macrophages (Kaplan, 1977). Further, the 
remodeling of actin and other cytoskeletal proteins is extremely important for 
professional phagocytic receptors such as FcR as well as non-professional phagocytic 
receptors (Williamson and Vale, 2018). 
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1.7 The role of Calcium in oogenesis and cell death 
 Calcium ions (Ca2+) play very important roles in the physiological, biological and  
biochemical state of an organism. There are many key functions that calcium aids in such 
as muscle contraction, oocyte activation, bone growth, blood clotting, nerve impulses and 
regulation and fluid balance of a cell. One extremely well studied role of calcium is its 
importance in maintaining potential difference across excitable cell membrane such as 
neurons (Cheng et al., 2015). 
 Further, calcium has also been seen to play roles in cell death.  Studies  have  
found that if intracellular calcium was overloaded and compartmentalized it could cause 
cytotoxicity and this would result in apoptosis or necrosis (Orrenius et al., 2003). 
Additional studies have shown that calcium plays a central role in apoptosis signaling 
(Pinton, et. al, 2008).  
 It has also been observed that calcium is important in the process of phagocytosis. 
Studies by Will Wood’s group have shown that corpse uptake by macrophage causes a 
rapid intracellular calcium burst. In their experiment they used GCaMP (green 
fluorescent protein, calmodulin and M13 peptide) as a genetically encoded calcium 
inducer to observe bursts of calcium release in real time via live imaging. They found that 
there was a large burstbursts of GFP right as cells were being engulfed by the 
macrophage (Wood et al., 2016). An additional study in zebrafish brains showed that 
when there is neuronal death, microglia will exhibit a low-range calcium wave. These 
calcium waves were observed via live imaging and exhibited similar features to the 
  
12 
macrophage bursts (Sieger et al., 2012) . Overall, these studies suggest that calcium 
bursts have a significant role in cell death via phagocytosis.   
 
1.8 Thesis hypothesis and rationale  
 Billions of cells die in an organism body every day (Elliott and Ravichandran, 
2016).  These dead cells need to be cleared and replaced in order to maintain a healthy 
homeostatic body composition. In cell death such as apoptosis, the cell receives signals to 
die from proteins such as p53, and then subsequently receives signals for cell clearance 
via efferocytosis. This mechanism is not the same for all forms of cell death.  
 Phagoptosis is a much less characterized form of cell death that varies greatly 
from apoptosis. In this form of cell death, phagocytosis machinery that is normally 
needed for cell clearance is the likely the contributor of cell death. Previous studies in the 
McCall lab have shown that the epithelial follicle cells express phagocytic machinery. 
These follicle cells are considered an atypical kind of nonprofessional phagocytic cells 
because they are responsible for clearance of dying cells but no actual engulfment has 
been reported .  
Further, it is hypothesized that actin remodeling events and calcium bursts during 
late stage oogenesis are characteristics of phagoptosis in the Drosophila ovary. Gaining a 
better understanding of this process in the Drosophila ovary can lead to a better 
understanding of phagoptosis mechanisms in general. So overall, the basis of this work 
was to get a better understanding of the mechanism of phagoptosis in Drosophila and in 
general. 
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CHAPTER TWO 
Methods and Materials  
 
2.1 Drosophila as a model and husbandry  
 Drosophila melanogaster is a type of fruit fly. The general life cycle of 
Drosophila is 10 days at 25 degrees Celsius and 21 days at 18 degrees Celsius. All flies 
were kept at  25 degrees unless stated otherwise. The flies were gathered from 
Bloomington Stock Center or other laboratories in the Drosophila community. There are 
three main groups of a flies for this project: cytoskeleton fluorescent tagged flies, calcium 
fluorescent tagged flies and GAL4 driver flies (Busson and Pret, 2007) (Table1.1). 
 Virgin female flies were crossed with two main driver stock flies. Both drivers 
were utilized to drive expression in the follicle cells of the Drosophila ovaries. GR1-
GAL4 drives expression in all of the follicle cells, whereas PG150-GAL4 (gifted from 
Dr.Ellen LeMosy) drives expression in only stretch follicle cells (Dinkins et al.,2008). 
After flies were crossed and raised, they were conditixoned for two days with yeast paste 
and then dissected to collect ovaries.  
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Table 1.1- Drosophila Stocks 
Fly Stock  Bloomington 
Identification number 
Detail about stock  
GR1-GAL4   N/A  Follicle cell driver 
PG150-GAL4 N/A Stretch follicle cell 
driver 
P(UASp-wash.RBD-GFP) 52295 Actin protein w/ GFP 
tag 
p(UAS-WASp.B)25 39724 Actin protein w/ GFP 
tag 
p(UASp-Arp3.GFP)1 39724 Actin protein w/ GFP 
tag 
p(UASp-Mcherry.ena) 25955 Actin protein w/ GFP 
tag 
p(UAS-Lifeactin-ruby) 35545 Actin protein w/ GFP 
tag 
p(UAS-Lifeactin-GFP) 35544 Actin protein w/ GFP 
tag 
p(UAS-Gcamp3-GFP) 32116 Calmodulin, M13, GFP 
p(UAS-Gcamp6-GFP) 77131 Calmodulin, M13, GFP 
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2.2 GAL4-UAS system 
 The GAL4-UAS system is an extremely useful system to manipulate gene 
expression. This system allows for driven expression of particular transgenes in specific 
tissue types (Brand and Perrimon,1993). This binary system is made up of GAL4 and 
UAS.  GAL4,  a yeast transcription factor, can be expressed in a tissue of interest when 
adjacent to an endogenous tissue specific promoter (Figure 2.1) .  This tissue specific 
GAL4 can bind to an upstream activating sequence (UAS) promotor to activate a gene of 
interest. 
 Overall, this binding causes the expression of a particular gene in the tissue of 
interest. The experiments in this thesis utilize the drivers GR1-GAL4 and PG150-GAL4.  
Both of these drivers are follicle cell specific. GR1 is a driver that expresses transgenes in 
all the follicle cells whereas PG150 is a driver that drives expression of transgenes in 
only a subtype of follicle cells called stretch follicle cells. Once again, these drivers are 
combined with a UAS transgene. An example of this process is when  a GRI-GAL4 fly is 
crossed with  a UAS-lifeactin-RUBY fly, their offspring will be GR1-GAL4/+; UAS-
lifeactin-RUBY/+. This will result in the life actin RUBY transgene being expressed only 
in the follicle cells. 
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Figure 2.1- GAL4-UAS system 
This is a model that illustrates the GAL4-UAS system. The model illustrates a fly cross 
that consists of one fly with an endogenous tissue specific driver  that is upstream of a 
GAL4 transcription factor and the other fly with an upstream activating site (UAS) 
upstream of a particular transgene of interest. When these two flies mate and produce 
progeny, they will result in GAL4 binding to the UAS  which causes expression of the 
particular transgene in a tissue of interest.  
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2.3 Ovary dissections 
 Dissections began with the flies of interest being fed wet yeast paste for 2 days 
prior to dissections. The wet yeast paste was applied to the walls of the vials. The vials 
and yeast paste were changed every day until dissection . To make yeast paste, yeast 
pellets were dissolved in water and mixed until there was a thick toothpaste-like 
consistency.  After this two day “conditioning,” the flies were placed on a CO2 pad which 
caused them to be anesthetized. Then the female flies were selected and dissected in 1X 
PBS solution. 
 The actual dissection process was done under a standard dissecting microscope. 
Once flies were focused under the microscope, tweezers were used to gently hold the 
upper body of the fly. Then with the other hand, another pair of tweezers would start to 
pull the lower abdomen, which would result in the lower abdomen coming apart and 
exposing the ovaries. The ovaries were then gently squeezed out of the abdomen and  
would fall to the bottom of the dish where they were gently teased apart (Wong and 
Schedl, 2006) (Figure 2.2) . Finally, the ovaries were transferred to a microcentrifuge 
tube via a glass Pasteur pipette to be further stained or live imaged. 
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Figure 2.2-  Drosophila ovary dissection 
This model represents the process of ovary dissection. (A) The fly is being held with 
tweezers by the upper abdomen while another pair of tweezers tugs on the lower 
abdomen. (B) The ovaries are being squeezed and removed from the lower abdomen of 
the fly. (C & D) Shows the ovaries being teased apart into individual ovarioles. (Montell 
et al. 2007) 
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2.4 DAPI and Phalloidin staining  
  
After dissections, ovaries were fixed with 300 µL of 1X PBS, 200 µL Heptane 
and 100 µL of 16% paraformaldehyde for twenty minutes. The ovaries were then washed 
three times with 0.1% of PBT and then set to rotate for twenty mins. The ovaries were 
then washed two additional times with 0.1% PBT and allowed to rotate again for 20 
minutes each time. Ovaries were finally rinsed with 1X PBS and then two-to-three drops 
of  DAPI Vectashield antifade mounting medium were added alongside Alexa Fluor 564 
Phalloidin (2µL phalloidin to 200µL of 10% bovine serum albumin mixed with 20% 
phosphate-buffered saline) and the entire solution with the ovaries was incubated 
overnight at 4°C.  
 
2.3 Live imaging  
 The live imaging protocol we utilized was adapted from a protocol described in 
Peter et al., 2016. First, twelve to thirteen ovaries were dissected in single wells filled 
with Drosophila Schneider’s media (Thermo Fisher Scientific). Then using small fine 
needles, the ovaries were teased apart and separated until the  desired egg chambers were 
separated from the ovarioles . The desired egg chambers are stages 10B-13. After about 
20 egg chambers were collected then they were gently pipetted with a glass Pasteur 
pipettes onto a glass bottom dish (Figure 2.3). The dish was then filled will an addition 
layer of media to keep the ovaries hydrated.  
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 At this point additional staining reagents could be added such as Hoechst (1:3000) 
and/or LysoTracker (1:10,000). The LysoTracker  penetrated the egg chambers 
immediately and was extremely strong, so only small amounts were necessary. The 
Hoechst did not penetrate tissues as strongly and worked mostly on labeling follicle cell 
nuclei instead of nurse cell nuclei. After all the staining reagents were added then a small 
cut out square of Kimwipe was placed directly on top of the egg chambers. Then  a small 
brass washer was placed on top of the Kimwipe square. This created an “immobilization 
blanket” which keeps the egg chambers in place during live imaging (Peter and Berg, 
2017) (Figure 2.4). 
This protocol allowed for the particular egg chambers of interest to be imaged for 
up to five hours. Any longer time points would cause the media to dry out or not produce 
enough nourishment for the ovaries. Live imaging and fixed samples were imaged and 
analyzed by confocal microscopy. The confocal machine used was a Nikon C2Si and the 
images were analyzed via Fiji (Fiji is just ImageJ). 
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Figure 2.3- Live imaging process 
This model demonstrates the process of preparing egg chambers to be live imaged. (A-D) 
Illustrates the process of dissecting the ovaries out of the fly that is described above. (E-
K) Shows the teasing and separation of the particular egg chambers of interest (10B-12). 
(L) Represents the egg chambers being transferred to a glass Pasteur pipette to then be 
placed in the live imaging dish. Figure from Peter and Berg, 2017 
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Figure 2.4- Assembly of live imaging apparatus  
This model illustrates the assembly of the live imaging apparatus. (A) The egg chambers 
are transferred from glass Pasteur pipettes onto a glass bottom slide. (B) A small 
Kimwipe is placed gently on top of the egg chambers and glass slide. (C ) A small brass 
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washer is places on top of the Kimwipe gently and precisely to not crush the egg 
chambers. (D) Overview of the completed live imaging apparatus. 
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CHAPTER THREE 
Role of the follicle cell cytoskeleton in cell death and oogenesis 
 
3.1 Introduction  
 As previously stated, the cytoskeleton is a large intricate network of filaments and 
tubules that give a cell its shape, facilitates movement of motor proteins, and offers aid 
during structural changes. Cytoskeletal proteins such as actin, microtubules and 
intermediate filaments are some of the most conserved proteins in all organisms. In this 
thesis the role of follicle cell specific actin was investigated. I investigated the role of 
follicle cell actin during the death of the nearby nurse cells. We hypothesized that follicle 
cell specific actin aids with nurse cell actin in rearrangement events during nurse cell 
death. 
  
3.3 Rationale for project 
 During Drosophila oogenesis the nurse cells and follicle cells undergo 
rearrangement events until the mature stage 14 egg chamber is reached. One 
rearrangement event that occurs during late stage oogenesis is that a subset of follicle 
cells known as stretch follicle cells cover and surround the nurse cells (Tran and Berg, 
2003). Previous ablation studies in our lab have shown that when the stretch follicle cells 
are removed, nurse cells do not undergo programmed cell death. This suggests that the 
stretch follicle cells are vital for cell death of the nurse cells (Timmons et al. 2016).  
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Another rearrangement event that occurs is that during late stage oogenesis, nurse 
cell specific actin begins to stabilize and move toward the nucleus of the nurse cells to 
ensure that proper cytoplasmic dumping and death of the nurse cells can occur. Nurse cell 
actin rearrangement events  during all stages of late oogenesis have been well 
characterized, but the follicle cell actin is significantly less characterized. Similarly, when 
egg chambers were stained with Phalloidin, a useful imaging tool that labels all F-actin, 
these rearrangement events can be visualized. However, it is difficult to tell which actin is 
nurse cell specific and which actin is follicle cell specific (Figure 3.1-3.3). In Figures 3.1-
3.3 the follicle cell actin appears to be moved in toward the nurse cells, however due to 
the overwhelming number of fibrous actin filaments it cannot be full determined. The 
main rationale for this project was to look at the role of follicle cell specific actin during 
cell death utilizing real time live imaging. The follicle cells are extremely important for 
nurse cell death and actin is vital for their developmental rearrangement events. So, we 
proposed that follicle cell actin plays an important role in aiding rearrangement events in 
the nurse cells to prepare the clearance and cell death of the nurse cells.. 
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Figure 3.1-Phalloidin staining of stage 10B egg chamber 
GR1-GAL4/+; UAS-EB1/+ stage 10B ovary stained with Phalloidin (red) to mark fibrous 
actin and DAPI (cyan) to mark DNA. EB1 (Green) marks the plus end of microtubules 
only in follicle cells. Zoomed in cut out shows two follicle cells (white arrows) with 
filamentous actin in the direction of the nurse cell. The EB1 was uninformative and not 
further studied. 
 
  
27 
Figure 3.2-Phalloidin Staining on stage 11 egg chamber 
GR1-GAL4/+ stage 10 ovary stained with Phalloidin (red) to mark filamentous actin and 
DAPI (cyan) to mark DNA. The  zoomed in cut out shows two follicle cells (white 
arrows) with filamentous actin in the direction of the nurse cell.  
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Figure 3.3-Phalloidin staining on stage 12 egg chamber 
Arp3/+;GR1-GAL4/+ stage 11 ovary stained with Phalloidin (red) to mark fibrous actin 
and DAPI (cyan) to mark DNA. Arp3 (Green) marks the Arp3 actin associated protein 
complex. The zoomed in cut out shows two follicle cells (white arrows) with filamentous 
actin in the direction of the nurse cell. Arp3 was uninformative and not further studied 
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3.4 Investigation/Results 
 To investigate follicle cell actin, GR1-GAL4 was crossed with UAS-Lifeactin 
RUBY.  Lifeactin-RUBY is a 17 amino acid peptide that has a fluorescent tag (RUBY) 
bound to filamentous actin (F-actin) (Reidl et al., 2008). This fly line is primarily used to 
visualize F-actin structures. Further, the progeny from this cross contained both GR1-
GAL4 and UAS-lifeactin RUBY which  resulted in only follicle cell specific actin being 
fluorescently labeled. Since fluorescently labeled F-actin was only being expressed in the 
follicle cells, we were able to get an in depth understanding of its dynamic movement 
throughout the developmental stages right before nurse cell death. To visualize these 
dynamic movements, we utilized the live imaging protocol described in Chapter 2. 
Stage 11,12 and 13 egg chambers were imaged for 10 second intervals for 2-3 
hours. An estimate of 75+ real time videos were obtained from this study. The videos and 
figures shown in this thesis are representative of the most informative videos. Analysis 
and observation of these videos revealed three trends involving follicle cell specific actin 
and nurse cell death. These trends are modeled below in Figure 3.4. The first trend that 
was observed was that  follicle cell specific actin moved slowly and then more rapidly 
toward the nurse cell nuclei during late stage 11 into stage 12 . Then during stage 12,  
additional follicle cells were seen to move towards the nurse cell nuclei which then led to 
the nurse cell quickly becoming acidified. Finally, after the nurse cell was acidified, the 
follicle cell specific actin moved slowly and then more rapidly away from the nurse cell 
nuclei along with the additional follicle cells. (Figure 3.4)             
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In trend #1, follicle cell actin usually began  to slowly bundle up at the edge of a 
neighboring nurse cell (Figures 3.5A, 3.7A, 3.8A-C & 3.10). After the actin had bundled 
up, it then began to slowly and then more rapidly move in toward the nurse cell (Figure 
3.5B-C, 3.6B-D,  3.7B-D, 3.8D, 3.9A-B & 3.10A-H). Each video and egg chamber had a 
slightly different degree of actin movement towards the nurse cells. In some videos it was 
seen that follicle cell actin had move directly into the nurse cell center and completely 
surrounded it (Figures 3.6, 3.7 & 3.10). While others showed that the follicle cell actin 
only moved half way towards the center of the nurse cell and did not fully surround the 
nurse cell (Figure 3.5, 3.8, 3.9). However, it was seen among all videos that follicle cell 
actin did move in towards the nurse cell to some degree.  
In trend #2, it was observed that additional follicle cells and follicle cell specific 
actin would surround neighboring nurse cells. Neighboring nurse cells in this case is 
considered a loose term, due to the fact that follicles cells could travel considerable 
distances to reach a nurse cell. This movement event was observed in figure 3.10A-D, as 
a follicle cell indicated by a blue arrow moved from the top portion of the egg chamber to 
a nurse cell in the lower top region. After this follicle cell (or cells) completed its journey 
to the nurse cell, that nurse began to turn a slight tint of green until it eventually became a 
deep green. This tint of green indicated the beginning of nurse cell acidification. The 
darker the green the more acidified the nurse cells became. Previous studies in the 
McCall lab have also observed follicle cell clustering around nurse cells, specifically 
dying nurse cells (Timmons et al.,2016). 
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Trend #3 began when follicle cell specific actin moved slowly and then more 
drastically away from the center or middle of the nurse cell of interest (Figure 3.9C-D & 
Figure 3.10D-F). The speed and degree of which the follicle cell actin would move away 
from the nurse cell was dependent on each nurse cell. At this point the nurse cell was 
becoming increasingly acidified, which eventually would lead to the complete death. As 
more time passed, eventually the additional follicle cells that were surrounding the nurse 
cell moved away.  For each of these trends, there was variability in the degree of actin 
movement, amount of additional follicle cells involved and overall time. However, each 
of these trends were observed amongst all of the videos.  
In Figure 3.10 all three trends can be seen throughout the egg chamber over the 
course of 45 minutes. In Figure 3.10A, follicle cell specific actin begins to move in 
toward a nurse that is located at the  anterior  region of the egg chamber (two white 
arrows). An additional follicle cell (blue arrow) begins to move toward the previously 
described nurse cell. After ten minutes (Figure 3.10B), the follicle cell actin has moved 
further and further in toward the original anterior nurse cell and the additional follicle cell 
has also moved closer to that nurse cell as well.  After an additional ten minutes (Figure 
3.10C), the follicle cell actin at the anterior nurse cell has moved completely into the 
nurse cell and surrounds it. The additional follicle cell that was moving towards the nurse 
cell is now directly touching the anterior nurse cell, which at this time has turned a tint of 
green (LysoTracker green). After an additional five minutes pass (Figure 3.10D), the  
anterior follicle cell actin (two white arrows) beings to slowly move away from the 
anterior nurse cell and the additional follicle cell (blue arrow) is still touching the anterior 
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nurse cell. The anterior nurse cell has an increasingly greener tint (LysoTracker Green). 
After five more minutes have passed (Figure 3.10E), the  anterior follicle cell actin (two 
white arrows) has moved almost completely away from the anterior nurse cell. The 
additional follicle cell (blue arrow) is still touching the anterior nurse cell, but is 
beginning to slowly move away. As an additional fifteen minutes pass (Figure 3.10 F-H), 
the original three arrows have disappearing as a representation that follicle cell specific 
actin and the additional follicle cells  have moved away from the nurse cell. The nurse 
cell is also a deep green color indicating it has been fully acidified . Additionally, in 
Figure 3.10 there are multiple other nurse cells that undergoing the same process at a 
relatively similar time point. 
These trends showed that there could be some actin-based interaction with 
neighboring nurse cells. Previous actin studies in other models, have shown that there are 
actin-based adhesion interactions with the extracellular matrix as well as other 
neighboring cells (Bachir et al., 2017).  Additionally, previous studies in the McCall lab 
have shown that stretch follicle cells have a strong association with nurse cells through 
the process of developmental programmed cell death. The three trends found via live 
imaging strengthens this association because follicle cell specific actin directly interacts 
with the nurse cells, suggesting that the follicle cell cytoskeletal dynamics are important 
for nurse cell death. 
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Figure 3.4- Follicle cell specific actin dynamics 
Model of the dynamic trends of follicle cell specific actin in a stage 12 egg chamber. (A) 
A nurse cell is (black border) adjacent to a follicle cells (blue border). (B) The follicle 
cell begins to move closer to the nurse cell with its actin extending forward. Secondly, an 
additional follicle cell (or many) move toward the nurse cell.( C) The nurse cell become 
acidified (green represents LysoTracker staining) and two or more follicle cells extend 
their actin toward the nurse cell (D) Follicle cells retract their actin a move away or 
below the acidified nurse cell. 
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Figure 3.5- Follicle cell specific actin moves towards the nurse cells  
GR1-GAL4/+;UAS-lifeactin-RUBY/+  stage 11 egg chamber expressing actin (red) only 
in the follicle cells (A) Follicle cell actin starts to bundle up at the edge of the nurse cell 
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(white arrow)(B) As time goes on, the follicle cell actin starts to move in toward the 
nurse cell (white arrow). (C&D) As more time passes, the follicle cell actin moves further 
in towards the nurse cell (white arrows). 
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Figure 3.6- Stage 11 egg chamber with follicle cell specific actin moving toward 
nurse cell 
GR1-GAL4/+;UAS-lifeactin-RUBY/+  stage 11 egg chamber expressing actin (red) only 
in the follicle cells (A) The two white arrows are pointing at  follicle cell specific actin 
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next to a nurse cell (B) As time goes on the follicle cell specific actin starts to move in 
toward the nurse cell (white arrows). (C&D) As more times goes on the follicle cell 
specific actin has moved further and more directly in toward the nurse cell (white 
arrows). 
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Figure 3.7- : Follicle cell actin moving toward nurse cell  
A zoomed in posterior view of a GR1-GAL4/+;UAS-lifeactin-RUBY/+  stage 12 egg 
chamber that is expressing actin (red) only in the follicle cells and is stained with 
LysoTracker (Green) and Hoechst (Cyan) . (A)  Follicle specific actin begins to bundle 
up at the edge of a nurse cell (B & C) As time goes on the follicle cell specific actin 
moves rapidly toward the nurse cell. (D) As more time passes the follicle cell specific 
actin moves further toward the nurse cell and the nurse cell begins to turn slightly green 
which indicates the beginning of acidification (via LysoTracker green).  
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Figure 3.8- Stage 12 egg chamber representing trend #1 and #2  
A zoomed in anterior view of a GR1-GAL4/+;UAS-lifeactin-RUBY/+  stage 12 egg 
chamber that is expressing actin (red) only in the follicle cells and is stained with 
LysoTracker (Green) and Hoechst (Cyan) . (A-B) A small bundle of actin begins to form 
toward the side area of a nurse cell (white arrow). (C) As time passes the bundle of actin 
grows rapidly in size (D) As more time passes the bundle of actin begins to extend 
rapidly toward the center of the nurse cell. 
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Figure 3.9- Stage 12 follicle cell specific actin moves away from the nurse cell 
A GR1-GAL4/+;UAS-lifeactin-RUBY/+  stage 12 egg chamber expressing actin (red) 
only in the follicle cells  (A&B) Follicle cell actin at either end of a nurse cell is extended 
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forward toward the center of the nurse cell (two white arrows). (C&D) As time passes, 
the follicle cell actin at both ends begins to move away from the centers and toward the 
periphery of the nurse cell. 
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Figure 3.10- Stage 12 egg chamber that illustrates all three trends 
 
A GR1-GAL4/+;UAS-lifeactin-RUBY/+  stage 12 egg chamber expressing actin (red) 
only in the follicle cells stained with LysoTracker (Green) and Hoechst (Cyan). The 
white arrows point to follicle cell specific actin  near different nurse cells that first begin 
to move in towards the nurse cells and then as time passes outward again . The blue 
arrow points to a follicle cell that travels to a nearby nurse cell and causes acidification of 
that nurse cell.  
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3.5  Follicle Cell Actin’s Role in Nurse Cell Death: Discussion 
 In many cells such as those from mammals, plants and Drosophila, the actin 
cytoskeleton facilitates structural and organizational changes. Specifically, in the 
Drosophila ovary, there are many structural changes that occur during the different stages 
of oogenesis. These structural changes are aided and influenced by the actin cytoskeleton. 
Most studies have focused on nurse cell specific actin’s function during stage 10-13 
(Huelsmann et al., 2013). For example, during stage 10B it is very well studied that actin 
filaments secure and stabilize the nurse cell nuclei to permit the nurse cell cytoplasm to 
be dumped into the oocyte (Guild et al., 1997). 
 Follicle cell specific actin is significantly less studied and characterized than 
nurse cell actin. The main purpose of this study was to investigate the role of follicle cell 
specific actin during stage 10-13 and its potential role in nurse cell death. It was found 
via live imaging that there were three trends (Figure 3.4) that were involved in follicle 
cell actin dynamics and its role during nurse cell death. The first trend is that follicle cell 
specific actin moves in toward the nurse cell, potentially stabilizing or interacting with 
that nurse cell. The second trend is that the nurse cell begins to become acidified due to a 
follicle cell interaction. Follicle cells have previously been shown to express phagocytic 
machinery (Timmons et al., 2016) , so it is likely that the follicle cells are acting as an 
atypical from of non-professional phagocytes.  Lastly the third trend is that the follicle 
cell actin begins to move away from the nurse cell and back toward the membrane. At the 
same time the nurse cell begins to become increasingly acidified.  
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Overall, this study represents three trends that occur in the follicle cells during 
nurse cell death. Understanding these three trends can help get a fuller picture of the role 
of follicle cells during nurse cell death . Further characterization  and experimental 
research ideas will be discussed in  Chapter Five: General Discussion and Future 
Directions. 
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CHAPTER FOUR 
Calcium Bursts observed in the Follicle cells via live imaging 
 
4.1 Introduction 
 Phagocytosis is a very important process for the  development and maintenance of 
the innate immunity in an organism. A major characteristic of all phagocytic processes is 
that they are driven by dynamic rearrangement of the actin cytoskeleton. These 
rearrangement events are often triggered by calcium signaling (Melendez et al., 2013). 
Further, these calcium signals are vital for the phagocytic cell because if the actin 
cytoskeleton is not rearranged to form the phagocytic cleft then the cell will not be able to 
engulf dying cells. Additionally, it has been seen that once phagocytic-receptors have 
become activated, there is a drastic increase in intracellular calcium concentration 
(Young and Ko, 2008). In professional phagocytes such as neutrophils this increased 
calcium concentration is directly correlated and required for FcγR-mediated 
phagocytosis. 
 Further, studies by Wood et al. have shown that as a macrophage begins to clear 
a corpse there will be a rapid bursts of intracellular calcium. Following this burst there 
will be elevated JNK and Draper activity. Additionally, these calcium bursts along with 
JNK and Draper increased activation leads to macrophage priming (Weavers et al., 2016) 
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4.2 Genetically Encoded Calcium Indicators 
 Genetically encoded calcium indicators are used to measure calcium levels. These 
indicators allow for changes in calcium to be easily observed. GCaMP is an example of a 
genetically encoded calcium indicator that was developed by Junichi Nakai. The GCaMP 
is made up of three components fused together. The components consists of Green 
fluorescent protein (GFP), Calmodulin (CaM) which is a hinge protein that binds to  
calcium ions, E-F motifs and a peptide sequence from myosin light chain kinase known 
as M13.  
 When calcium is low or absent, the GFP will show poor fluorescence. This is due 
to a water pathway that causes protonation of the chromophore and will result in bad 
absorbance at the excitation wavelength (Akerboom et al., 2008). Further, when calcium 
is present or high the GFP will show high fluorescence. This is due to calcium binding 
and causing  CaM to undergo a conformational change such that the hinge region will 
bind to the M13 (Figure 4.1). The original GCaMP has been improved and is currently on 
its 6th generation denoted as GCaMP.6. 
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Figure 4.1 GCaMP 
GCaMP is a genetically encoded calcium indicator. This figure represents the structure 
and the function of GCaMP. (A) This illustrates the structure of GCaMP. The EGFP is 
labeled in green, the M13 is labeled in purple, CaM is labeled in blue and calcium is 
labeled in orange. (B) The schematic represents the conformational change that occurs in 
the presence of calcium. Figure adapted from Akerboom et al., 2008 and Ali Gherisari 
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4.3 Project Rationale 
  During Drosophila oogenesis, 15 polyploid nurse cells undergo developmental 
programmed cell death to reach the mature stage 14 egg chamber. Recent studies in our 
lab have shown that the surrounding epithelial follicle cells, specifically the stretch 
follicle cells, act as atypical non-professional phagocytes. Non-professional phagocytes 
are cells that have a main function that differs from  professional phagocytes but still 
have the capability to clear dying cells (Rabinovitch,1995). Further, the Drosophila ovary 
is a closed system that relies fully on non-professional phagocytes clear dying cells. This 
suggests that corpse uptake and clearance is primarily the responsibility of the epithelial 
follicle cells. 
 As previously stated, calcium pulses and signaling play an important role in 
phagocytosis. Many studies including the Will Wood experiments discussed earlier have 
focused on the role of calcium bursts in professional phagocytes but not in non-
professional phagocytes. The purpose of my study is to observe if non-professional 
phagocytes exhibit calcium bursts before, during or after nurse cell death and clearance. 
It is hypothesized that calcium bursts should mimic macrophage calcium bursts patterns. 
Further, it is thought that as a nurse cell begins to die, the surrounding follicle cells will 
exhibit calcium bursts, indicating that there is a correlation between nurse cell death and 
calcium bursts. 
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4.4 Investigation and Results 
 
 To investigate follicle cell specific calcium bursts, UAS-GCaMP6 was crossed 
with GR1-GAL4. This cross produced offspring that would expressed GCaMP6 
exclusively in the follicle cells. Looking specifically at the follicle cells that are 
expressing GcaMP6  allowed us to get a more detailed characterization of any potential 
calcium bursts before, during and after nurse cell death and clearance. 
 To visualize calcium bursts, egg chambers from stage 11-13 were dissected and 
live imaged via confocal microscopy. Live imaging videos showed that there were 
calcium bursts occurring during nurse cell death. The majority of calcium bursts were 
quick and bright. Additionally, bursts were seen in variable locations depending on the 
egg chamber. Some bursts were seen in the anterior region of the egg chamber (Figure 
4.1A 4.1 E-F, 4.5A, 4.6B-D & 4.8 A-B) while others were seen in the posterior region of 
the egg chamber (4.4A-D , 4.7 B,E & 4.8 B,C,E). The bursts varied in length - they could 
be as quick as ten seconds or as long as a couple of minutes. Shorter bursts can be seen in 
Figure 4.3, 4.7 and 4.8 whereas longer bursts can be seen in Figure 4.1, 4.2, 4.4, 4.5 & 
4.6. For each burst, the GFP would become increasingly brighter and then eventually 
return back to baseline low fluorescing GFP. 
Lysotracker Red was added to the live imaging protocol to indicate acidified  
organelles. This stain would become increasingly redder as the organelle became more 
acidified. So when LysoTracker was added to the egg chambers, it was a useful marker 
for when nurse cells were beginning the acidification process of cell death. It can be seen 
in Figure 4.5 that many nurse cells are acidified due to their deep red color. In panel A 
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there is a large burst of calcium around the majority of the posterior nurse cells, 
indicating that there is high calcium in the follicle cells that are surrounding those 
particular nurse cells. This trend was also seen in Figure 4.6 and 4.7 along with many 
other videos not showcased in this thesis. 
This trend can potentially show that calcium bursts play an important role in nurse 
cell death. Further, this indicates that the calcium bursts could also cause a similar 
signaling activation and cascade that is seen in the Will Wood’s paper on calcium bursts 
in macrophages during engulfment and clearance. The observation of calcium bursts in 
the follicle cells also strengthens the role of follicle cells as phagocytes because calcium 
bursts have been seen in other phagocytes such as microglia and macrophages. 
 
 
 
 
 
 
 
 
 
 
  
 
  
51 
 
Figure 4.1- Stage 12 egg chamber exhibiting calcium bursts 
Anterior portion of a GRI-GAL4/+;UAS-GCaMP6/+ stage 12 egg chamber expressing 
GCaMP6 exclusively in the follicle cells. (A) The white arrow points to a large calcium 
burst next to a nurse cell. (B)  After two minutes, the calcium burst disappears. (C) Two 
more minutes pass, and there is a smaller calcium burst next to an adjacent nurse cell. (D-
F) Over the span of five minutes, there is a third calcium burst (white arrow) that lasts 
longer than the original two.  
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Figure 4.3- Stage 13 calcium bursts along both sides of the egg chamber 
GRI-GAL4/+;UAS-GCaMP6/+ stage 13 egg chamber expressing GCaMP6 only  in the 
follicle cells  (A-F) Over a time span of 10 minutes there are many small and quick 
calcium bursts along both sides of the egg chamber. 
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 Figure 4.4- Stage 12 egg chamber stained with Hoechst that exhibits calcium bursts  
 
GRI-GAL4/+;UAS-GCaMP6/+ stage 12 egg chamber expressing GCaMP6 only in the 
follicle cells and is stained with Hoechst (cyan). (A) A large calcium burst occurs near a 
posterior nurse cell (white arrow) (B) As time goes on, there is an additional calcium 
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burst (second white arrow) near a different nurse cell. (C ) As more time passes, both 
calcium bursts disappear. (D) Three more minutes pass and a calcium burst appears in the 
same location as in panel B.   
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Figure 4.5- Stage 13 egg chamber stained with LysoTracker exhibiting calcium 
bursts 
GRI-GAL4/+;UAS-GCaMP6/+ stage 13 egg chamber expressing GCaMP6 only in the 
follicle cells and stained with LysoTracker (red). (A&B) A large calcium burst occurs 
near a cluster of acidified anterior nurse cells (first white arrow). A second smaller 
calcium burst occurs near the oocyte (second white arrow). (C) The large calcium burst 
disappears but the small calcium burst remains. (D) Both calcium bursts disappear. (E) 
An additional calcium burst appears near the left posterior region of egg chamber. (F) All 
calcium bursts have disappeared. 
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Figure 4.6-Stage 12 egg chamber stained with LysoTracker with two large calcium 
bursts 
 GRI-GAL4/+;UAS-GCaMP6/+ stage 12 egg chamber expressing GCaMP6 specifically 
in the follicle cells and stained with LysoTracker (red) (A) There is a small faint calcium 
burst near the oocyte (white arrow). (B-D) As time goes on, there is a larger calcium 
burst in the anterior region of the egg chamber (white arrow). 
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Figure 4.7- Stage 12 egg chamber exhibiting multiple calcium bursts 
 GRI-GAL4/+;UAS-GCaMP6/+ stage 12 egg chamber expressing GCaMP6 specifically 
in the follicle cells and stained with LysoTracker (red) and Hoechst (cyan) (A) No 
significant calcium bursts are observed (B) Larger calcium burst occurs near the oocyte 
(white arrows) (C) As time passes, the original calcium burst disappears and a new 
smaller calcium burst appears (white arrow) (D) As more time passes there are no 
significant calcium bursts. (E) Another calcium burst appears near the left posterior 
region. (F) All calcium bursts have disappeared. 
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Figure 4.8- Stage 12 egg chamber experiencing large calcium bursts over six 
minutes 
GRI-GAL4/+;UAS-GCaMP6/+ stage 12 egg chamber expressing GCaMP6 specifically 
in the follicle cells and stained with LysoTracker (red) and Hoechst (cyan). (A) Two 
large calcium bursts occur on both side of the egg chamber. (B) Only one large calcium 
burst remains (white arrow) after one minute passes. (C) As more time passes, an 
additional calcium burst (second white arrow) occurs near the first calcium burst. (D) The 
two original calcium bursts disappear and a different calcium burst appears in the right 
posterior region (white arrow). (E) A new calcium burst appears directly next to the 
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oocyte. (F) No significant calcium bursts are present, and GFP is weak signifying lower 
calcium. 
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4.5-Follicle Cell Calcium Bursts: Discussion 
Calcium is a very important ion in many organisms, and it contributes to countless 
physiological, biological and biochemical processes in cells. Further, calcium plays a role 
in protein confirmation, excitability, exocytosis, motility, transcription and even cell 
death (Clapham et al. 2007).  In programmed cell death such as apoptosis, it has been 
seen that calcium get released from the endoplasmic reticulum and causes the release of 
cytochrome C from mitochondria which in turn causes apoptosis (Mattson & Chan, 
2003).  
Calcium bursts have been seen in phagocytic cells such as macrophages and 
microglia. These calcium bursts are seen when phagocytic cells are engulfing and 
clearing dying cells. During Drosophila oogenesis fifteen polyploid nurse cells undergo 
cell death to achieve the mature stage fourteen egg chamber. As previously stated the 
Drosophila ovary is a closed system that contains no professional phagocytes. This 
leaves the job of clearing dying cells the sole responsibility of the non-professional 
phagocytic follicle cell.  
 In this chapter, we investigated the role of calcium during cell death and clearance 
of the nurse cells. We hypothesized that since the follicle cells are the sole phagocytes in 
the ovary that when the nurse cells were undergoing cell death and clearance, the follicle 
cells would exhibit bursts of calcium similar to macrophages. We tested this hypothesis 
by live imaging stage 11-13 egg chambers that were expressing GCaMP6 exclusively in 
the follicle cells. Live imaging videos showed that the follicle cells do exhibit calcium 
bursts during death of the nurse cells. 
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Analysis of the live imaging videos showed that calcium bursts occurred at the 
same time or shortly after the nurse cell had becoming acidified. These follicle cell 
calcium bursts could potentially play a direct role in the signaling process that is involved 
with aiding the clearance of the nurse cells. Overall, this study shows that calcium bursts 
do occur during nurse cell death. Understanding the trends of calcium release during 
phagocytosis can help get a fuller understanding of the role of follicle cells during 
phagoptosis. Further  characterization and experimental research ideas will be discussed 
in chapter Five: General Discussion and future Directions. 
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CHAPTER FIVE 
General Discussion and Future directions 
  
5.1-General Discussion 
The actin cytoskeleton in the Drosophila ovary undergoes dynamic structural 
changes until it reaches the mature stage 14 egg chamber. Nurse cell actin at the 
beginning of late stage oogenesis (Stage 10B) extends from the peripheries out toward 
the nucleus. These extensions help stabilize the nucleus during stage 11 dumping. During 
stage 12-13, actin moves away from the nucleus but continues to stabilize the nurse cells 
until they eventually undergo cell death and clearance (Huelsmann, 2013). 
This thesis identified three dynamic trends of follicle cell actin during late stage 
oogenesis (Figure 3.4). The first trend occurs during late stage 11 and consists of follicle 
cell actin moving toward a nurse cell until it is in direct contact. Then during stage 12 
into stage 13, trends #2 shows that other follicle cells and follicle cell specific actin 
begins to move directly into the nurse cell and shortly after these movements the nurse 
cell becomes fully acidified. After this acidification, trend #3 emerges and this consists of 
the follicle cell specific actin moving back to the periphery of the nurse cells. 
These trends showed that there could be some follicle cell actin-based interaction 
with neighboring  nurse cells. It has previously been seen that actin from one cell can 
interact with another cell to help stabilize, anchor or maintain the location of the 
neighboring cell (Melak et al., 2017). This kind of interaction may be occurring between 
nurse cells and follicle cells. Further, the follicle cell actin may be interacting directly 
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with the nurse cell to potential help anchor the follicle cells to the nurse cell. The reason 
for this interaction could be because the follicle cell needs to be in close proximity to the 
nurse cell to aid in their clearance and eventual death.  
This study also helps understand and strengthen the role of follicle cells during 
phagocytosis. Virtually every phagocytic process is controlled and driven by a fine 
rearrangement and reorganization of the actin cytoskeleton. In professional phagocytes 
Fc-receptors binds to their target (dying cell), which then causes actin pseudopod 
extensions to reach up toward the dying cell and stabilize its connection. Then the 
process of actin-dependent protrusion begins to gently start engulfing the dying cell (May 
and Machesky, 2001). If the actin pseudopod extensions or actin in general are knocked 
out then phagocytosis will not occur and can to lead catastrophic death of the cell (Luo et 
al. 2009). 
 Stretch follicle cells are  considered an atypical kind of non-professional 
phagocytic cells meaning they have other roles than purely phagocytosis. However, these 
follicle cells do have similar mechanisms to that  seen in professional phagocytes, so the 
role of actin during nurse cell death could have a similar interaction and mechanism as of 
that seen in professional phagocytic cells such as macrophages. The trends observed via 
live imaging show that actin dynamics play an important role in the movement and 
anchoring of follicle cells onto nearby nurse cells, allowing these follicle cells to aid in 
the clearance and death of the nurse cells . 
 An additional characterization of the follicle cells was done by observing the role 
of calcium during nurse cell death. As previously stated it has been seen in many 
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professional phagocytes such macrophage and microglia that calcium exhibits bursts or 
transient waves occur during and after engulfment and clearance of dying cells. 
Experimentation in this thesis showed that the non-professional phagocytic follicle cells 
also experience calcium bursts. These calcium bursts could potentially have similar 
signaling effects to those seen in macrophages. 
Similarly, the paper mentioned earlier by the Wood lab discussed how corpse 
uptake caused macrophages to have calcium bursts that were a direct response and 
indicator of priming. Additionally, these calcium bursts induced JNK priming and in turn 
caused the upregulation of Draper, which results in an increased phagocytosis. Since 
calcium bursts are also seen in follicle cells during nurse cell death and clearance it is 
possible these bursts could similarly lead to  JNK priming and Draper upregulation, but 
further tests would need to be done to confirm this. 
 In phagocytosis, calcium has also been seen to activate actin remodeling events. 
Calcium has also been seen to be required for actin polymerization near the phagocytic 
cleft (Nunes and Demaurex, 2010). Studies have shown that if this calcium signaling is 
blocked or inhibited, actin polymerization is very low resulting in an inactive phagocytic 
cleft which results in no phagocytosis (Grinsi et al. 2009). This shows that calcium and 
actin directly interact with each other to aid in phagocytosis. 
 In this thesis calcium and actin were investigated separately, but it can be inferred 
due to overlapping time frames that they could potentially have interacting roles. In the 
actin study all three trends occurred during late stage 11-13 and in the calcium 
(GCaMP6) study bursts were seen also in stage 11-13. Since both follicle cell actin 
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remodeling trends and calcium bursts were seen in follicle cells around the same 
developmental time frames, it is possible that there could be an interaction between them. 
However, further studies would need to be done to confirm this. 
5.2-Future directions 
 
The data described in this thesis are either confocal microscopy images or videos 
that were analyzed via Fiji. This form of data collection is very good for observational 
data but not the best for quantitative analysis. A future direction for the actin study could 
be to potentially do some actin polymerization and depolymerization analysis to 
quantitatively the changes in follicle cell actin over time. An additional future direction 
for the actin project could also be to knock down specific follicle cell actin and actin 
associated proteins and observe the effects on clearance of nurse cells. If follicle cell 
specific actin is knocked out and the three trends are not seen along with persisting 
nuclei, it would strengthen the conclusion that follicle cell actin is vital for clearance of 
the nurse cells. 
Additionally, some future directions for the calcium project are to follow up on 
potential JNK priming and upregulation of Draper seen in macrophages. Additional 
studies with Draper knock out flies can be done to evaluate if calcium bursts are 
dependent on Draper or Draper upregulation. If flies that are Draper knockout do not 
exhibit calcium bursts then this could potentially mean that Draper, the phagocytic 
receptor on follicle cells, is need for calcium bursts.  Knock outs of calcium signaling 
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genes in the follicle cells can be used to determine if calcium and calcium bursts are 
needed to clear the nurse cells. 
Finally, GCaMP6 and Lifeactin-Ruby can be crossed together specifically in the 
follicle cells to allow for further investigation of a potential interaction between calcium 
and actin during phagocytosis. If follicle cell actin remodeling trends and follicle cell 
calcium bursts occur at the same time and same follicle cell, this could strength the idea 
that there is an interaction between the two. 
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